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Abstract

We use 3D dynamic finite element models to investigate potential rupture paths of
earthquakes propagating along faults in the western San Gorgonio Pass (SGP) region, a
structurally complex area along the San Andreas fault system (SAF) in southern California. We
focus on the San Bernardino strand of the SAF, the San Gorgonio Pass Fault Zone, and a portion
of the Garnet Hill strand of the SAF. The San Bernardino and Garnet Hill strands are
predominately right-lateral strike-slip faults, while thrust faults dominate the San Gorgonio Pass
Fault Zone, with small right-lateral tear faults between the thrust faults. We use the finite
element method code FaultMod (Barall, 2009) to model rupture propagation and slip along a
meshed fault geometry that reflects most of the surface trace complexity, and is consistent with
long-term loading and observed surface deformation. We test three different types of pre-stress
assumptions: 1) constant tractions, 2) regional stress regimes, and 3) long-term (evolved) stress
from quasi-static three-dimensional crustal deformation modeling. The quasi-static model
simulates long-term loading of the regional active fault network and the evolved stress state from
this model considers stress accumulation along locked faults since the last earthquake rupture on
each fault segment. Models with constant tractions assume pure right-lateral strike-slip motion
on the San Bernardino and Garnet Hill strands and oblique thrust/right-lateral strike-slip motion
on the San Gorgonio Pass Fault Zone. We find that the complexity of the fault geometry inhibits
rupture propagation for several nucleation location and stress field assumptions, which may have
implications for the reduced likelihood of through-going earthquakes scenarios along the SAF in
southern California.



REPORT
1 Background

The San Gorgonio Pass (SGP) is located between the San Bernardino and San Jacinto
mountains in southern California. In this region, the San Andreas Fault system (SAF) does not
appear to have obviously continuous faults based on mapped surface traces (Figure 1). Faults
appear discontinuous, and many of the relationships among the various mapped traces are
unclear (Allen, 1957; Matti et al., 1985; Matti and Morton, 1993; Yule and Sieh, 2003). This is
an important region in southern California seismology because of the uncertainty about its ability
to produce large, through-going earthquakes. The entirety of the southern SAF, especially
through the SGP, has not ruptured in modern, seismically recordable history, but if it were to fail
in a single, through-going rupture, large parts of southern California could experience strong
shaking (Olsen et al., 2006; 2008).

Faults
Basement rocks of Mojave Desert-type — Wilson Creck strand, SAF
Basement rocks of San Gabriel g ‘“f““_‘" Creck strand, SAF
HN 00’ Mountains-type (upper plate, Vincent Thrust) \_"” C reck ‘""",‘d‘ SAF
Basement rocks of San Gabriel Mountains- San ( ""S“"';‘ I ‘_‘“}’ ault Zone
. or plate of Vince! = Active strands, SAF
sgave Desg . type (lower plate n‘! incent Thrust) Pairad black s it
gmenl AF Basement rocks of Peninsular Ranges-type = So £

1 N movement direction on strike-slip

! faults
117 00" <« Bar-and-ball symbol indicates down-
> el 7 - thrown block of normal faults
5 o 22} ~&o Thrust teeth indicate upthrown block

of reverse thrust faults

~ 1
J' o T |
—_— '{ Beoy

; n-m{m{f«;,,‘,,wgmﬁm, funlaln ) .‘ . |

- 34 00"
)
Riverside

\\\\\

SGPF

Pacific
Ocean

I
117 00

Figure 1. Geologic Map of Key Faults in the SGP. All annotations are original to the figure, from Kendrick et al.
(2015). Original mapping from Matti et al., (1982) and Matti and Morton, (1993).
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The SGP has a complex history of right-lateral strike-slip faulting, fault strand-switching,
and convergence. The Mill Creek strand of the SAF is the most prominent through-going feature
in the region, but it is deemed currently inactive (Matti et al., 1992; Kendrick et al., 2015). Many
researchers have hypothesized that following the shut-off of the Mill Creek strand, the
complexity of fault interactions in the SGP increased as less mechanically optimal paths to
transfer slip developed (Matti et al., 1992; Yule and Sieh, 2003; Yule, 2009; Cooke and Dair,
2011; Kendrick et al., 2015). However, the Mill Creek strand is often still incorporated into



regional fault geometries such as the Southern California Earthquake Center (SCEC) Community
Fault Model (Plesch et al., 2007) and the Uniform California Earthquake Rupture Forecast,
Version 3 (UCERF3) (Field et al., 2015). Modelers tend to favor simple structures in studies of
hypothetical earthquake scenarios, and consequently several studies use simplified geometries
that actually represent older, potentially inactive structures in the SGP (e.g., Meade and Hager,
2005; Smith and Sandwell, 2006; Olsen et al., 2006; Olsen et al., 2008). Quasi-static
deformation models have tested various fault geometries through the SGP to see which
geometries matched well with slip rate and uplift studies. Using an active Mill Creek strand did
not produce a good match with the slip rate and uplift data (Dair and Cooke, 2009; Beyer et al.,
in review). Geologic mapping and paleoseismic studies indicate that thrust faults south of the
San Bernardino Mountains (Figure 1) are likely some of the currently active structures (Allen,
1957; Matti et al., 1985; Yule and Sich, 2003; Kendrick et al., 2011; Ramzan, 2012, Scharer et
al., 2013). Three-dimensional crustal deformation models that incorporate geometrically
complex active thrust faults within the SGP (Cooke and Dair, 2011; Herbert and Cooke, 2012;
Beyer et al., in review) match slip rates and uplift patterns fairly well. Consequently, we
incorporate the San Bernardino strand of the SAF, the San Gorgonio Pass Thrust and a portion of
the Garnet Hill strand of the SAF into our semi-regional fault geometry. Because the full fault
names are bulky, we drop “of the SAF” for the San Bernardino strand and Garnet Hill strand in
the remainder of this report.

2 Completed Work
2.1 Dynamic Modeling Methods

We use the 3D dynamic rupture finite element method code FaultMod (Barall, 2009) for
our dynamic faulting models. FaultMod takes the following as basic inputs: 3D mesh (i.e.,
discretized fault and material structure), friction law, stresses, nucleation location (hypocenter),
material properties, model duration, and time stepping. Using these inputs, FaultMod solves for
displacement at the nodes of the elements, stresses in the elements, and tractions at the fault
element faces. In general, the calculations rely on Newton’s second law of motion and Hooke’s
law, which provides the relationship between strain and stress (7aylor, 2005; Mac Donald, 2007,
Zhang et al., 2009). The outputs are absolute normal and shear stresses, slip, slip rate, and
particle (including ground) motion. The code has been validated through the Southern California
Earthquake Center Code Validation Project (Harris et al., 2009).

Dynamic rupture models fully consider the time-varying interaction between motion,
forces, and material properties, and thus are an approach well-suited to answer the questions of
whether it is possible for rupture to propagate through the SGP. The method allows us to explore
the effects of fault geometry and various stress field assumptions on slip distribution and rupture
propagation paths over time (Aochi et al., 2000; Aagaard et al., 2004; Oglesby et al., 2003a;
2003b; Oglesby, 2005; Duan and Oglesby, 2007; Templeton, 2009; Lozos et al., 2011; Lozos et
al.,2012).

We use the fault geometry used in quasi-static crustal deformation models of Herbert and
Cooke (2012), Herbert et al. (2014), and Fattaruso (2014) to successfully match geologic slip
rates and patterns of GPS velocities and uplift. This fault geometry is based on the Southern
California Earthquake Center Community Fault model version 4 (Plesch, 2007), with small
refinements introduced by Herbert and Cooke (2012), Herbert et al. (2014), and Fattaruso et al.
(2014). We convert and slightly smooth the mesh from Herbert and Cooke (2012) and create the



model geometry in the csimsoft software toolkit Trelis, which is based on the CUBIT software
from Sandia National Laboratories. We mesh the fault surfaces with 300 m triangular elements
and the volumes with tetrahedra. Bias is implemented so that elements far from the faults are
three times larger than elements around the faults, in order to keep the total number of elements
small enough to be compatible with our current computing facilities. The meshed fault geometry
is shown in Figure 2. While the mesh extends down to 35 km, we only allow the upper 20 km to
rupture. We handle the junction line of the San Bernardino strand and the portions of the San
Gorgonio Pass Thrust by removing a single line of nodes along that intersection, because in our
method a fault node can only slip in a single direction, and thus there is ambiguity at fault
intersections. For simplicity, when referring to the models, we break the fault geometry down
into four sections: the San Bernardino strand (SB), the western portion of the San Gorgonio Pass
Thrust (WSG), the eastern portion of the San Gorgonio Pass Thrust (ESG), and the Garnet Hill
strand (GH). Breaking the fault geometry into these sections has no geologic significance; it is
simply for referential ease when describing setup or results of the models.

Figure 2. Mesh Specifications. The faults are oriented northwest to southeast. The surface trace length of the SB,
ESG, and GH combined is 123.3 km and the length of the WSG is 17.1 km. The rupturable depth of the mesh is set
to 25 km, as marked on the mesh.

The two main variations we investigate with these models are the effects of the different
stress field assumptions and different nucleation locations. For all models we use the slip
weakening friction law (Ida, 1972) to isolate the effects of the stress assumptions without adding
frictional complexity. The results of the models are divided into three main categories based on
their initial stress inputs: Constant Tractions, Regional Stress, and Evolved Stress.

In the Constant Tractions models, the SB and GH are loaded in a purely strike-slip
manner and the WSG and ESG fault portions, which strike oblique to this shear direction, have
equally partitioned right-lateral strike-slip and thrust loading. There is precedence for abrupt
changes in the orientation of the pre-stress field along modeled faults (e.g., Duan, 2010) and we
employ the simplest assumptions with the Constant Tractions models for comparison with the
more complex pre-stress assumptions of the other models. The tractions are considered constant
because the initial shear along-strike traction value is the same for every element along the SB
and GH, as is the initial normal traction value. Likewise, the WSG and ESG have the same
initial shear along-strike and along-dip traction values. With constant frictional parameters, we
back-calculate the magnitude of the initial constant shear and normal tractions assuming a 3 MPa



stress drop. Physical and computational parameters for the Constant Tractions models are listed
in more detail in Table 1.

For the regional stress models, we use the orientation of the tectonic stress regime and the
relative magnitude of the three principal stress axes (Ag) of the SGP from Hardebeck and
Hauksson (2001) as the inputs. We use the Ay parameter as defined in Simpson (1997) to
calculate ratios of initial stress end members for the range of Ay = 1.5 — 2.3, as determined for
depths of 10 km within the SGP (Hardebeck and Hauksson, 2001). The lower end member of
1.5 represents a stronger strike-slip component because Ay~ 1 indicates pure strike-slip. The
upper member is 2.24, which has a higher compressive component because Ay~ 3 indicates pure
compression. We resolve two regional stress tensors for the end members onto the fault planes
in FaultMod. Physical and computational parameters for the Regional Stress models are listed in
Table 2. The difference in the frictional parameters between the Constant Tractions and
Regional Stress models is due to the need to maintain strength ratios (or S values) that can
facilitate rupture with the specified Constant Tractions. Das and Aki (1977) define the
dimensionless quantity S as,

Tu—To
S = E (1)
where 7, is the yield stress, 7 is the initial shear stress, and 7y is the final traction. High S values
indicate that a fault is far from failure and low values indicate a fault is favorable for rupture.

The models with Evolved Stresses use the stress outputs of quasi-static crustal
deformation modeling from Stern and Cooke (2015) and Stern (2016). Because this approach
utilizes a separate set of models and analysis, we describe this approach and findings in the
following section of this report. The outputs from the evolved stress modeling are used as input
to the dynamic models, and those results are discussed along with the other pre-stress conditions
in section 2.3 of this report. We note that the details of the evolved stress modeling will appear in
a separate peer-reviewed publication from the results of the dynamic models. For the sake of this
USGS Final Report, however, we provide details of the quasi-static modeling of evolved stresses
within the framework of the dynamic rupture study.

2.2 Estimation of evolved stress

In quasi-static crustal deformation modeling, long-term stressing rates are evaluated in a
two-step back slip approach (e.g. Marshall et al., 2009). The first step finds the distribution of
long-term steady-state fault slip compatible with applied plate velocities. The second step
applies the steady-state fault slip below the locking depth to simulate interseismic loading.
Following the approach of Smith-Konter and Sandwell (2006), likely shear traction distributions
on the faults of this study are determined from the interseismic stressing rates using recurrence
intervals and the time since the last earthquakes, as established in the literature. This method
creates a set of pre-stress conditions that should provide a more realistic estimation of the
heterogeneous pre-stress conditions along the faults in the SGP region than either constant
tractions or a regional stress field (Figure 3).

2.2.1 Quasi-static crustal deformation

We use Poly3D, a quasi-static, three-dimensional Boundary Element Method code, to
simulate deformation along the southern San Andreas Fault system. Poly3D solves the relevant
equations of continuum mechanics to calculate stresses and displacements throughout the model
[e.g. Crouch and Starfield, 1990; Thomas, 1993]. Faults are discretized into triangular elements
of constant slip (no opening/closing is permitted) within a linear-elastic and otherwise



homogeneous half-space. In order to capture the tectonic setting of the San Gorgonio Pass, we
simulate the active fault geometry of the southern San Andreas fault, the San Jacinto fault, and
the Eastern California Shear Zone based on the Southern California Earthquake Center’s
Community Fault Model (CFM) version 4.0 [Plesch et al., 2007]. We include modifications to
the CFM that serve to better represent the active fault geometry and match the geologic slip rates
in the region assessed by Beyer et al. (in review).

We use a two-step modeling approach to estimate the interseismic stressing rates along the
southern San Andreas fault. The first model simulates deformation over many earthquake cycles
(steady state model) providing slip-rate information to an interseismic model that simulates the
build-up of stress between earthquakes. In the steady state model, tectonic loading is prescribed
far from the investigated faults at the base of the model; faults slip and interact in response to this
loading. Using this approach, Beyer et al. (in review) compared the slip rate distribution from 5
plausible active fault configurations to geologic slip rate data. For this study, we use the slip rate
distribution from Beyer et al. (in review) that best-fits the geologic data with inactive Mill Creek
fault. Beyer et al. (in review) also tested each of the plausible fault configurations under a range
of reasonable tectonic loading; for this study we use the mean slip rate from the different tectonic
loadings. To simulate interseismic deformation, we prescribe this distribution of strike-slip rates
to fault surfaces below 25 km and lock fault elements above 25 km depth. We use a depth of 25
km to ensure that our models produce reliable fault stresses to about 20 km depth that can be
used within the dynamic rupture models. The abrupt transition from locked to slipping at the
specified locking depth produces stresses that are unreliable within 5 km of this transition.

2.2.2. Method for estimating Evolved Stresses

The interseismic model determines stressing rates due to deep movement along active
faults, which are used to calculate absolute shear stress along the fault segments of the southern
San Andreas fault within the San Gorgonio Pass. To estimate absolute shear tractions on the
fault, we assume complete coseismic stress drop during large ground-rupturing events.
Following Smith-Konter and Sandwell [2006], we use the stressing rate information from the
interseismic model and the time since last earthquake for each fault. In this approach, only large
ground-rupturing events that are likely to be preserved in the paleoseismic record are considered.
Complete stress drop is consistent with recent field measurements of low temperatures along
recently ruptured fault surfaces, a result of a very low dynamic friction (e.g. Carpenter, 2012,
Fulton et al., 2013, Li et al., 2015). The associate shear stress at any time in the earthquake
cycle is

T=1-t (2)

where 7 is the absolute shear stress, T is the shear stressing rate and t is time since last event.
While we use this assumption to estimate absolute shear stress, we acknowledge that the shear
stress evolution over several earthquake events is much more complex (e.g. Matthews et al.
2002; Ellsworth et al. 1999; Molnar, 1979) and not all events have complete stress drop. While
the approach to calculate absolute stress is simplified, this distribution of shear stresses may
affect dynamic rupture models and may provide more accurate initial conditions than resolving
the remove loading onto the faults.

Recent earthquakes may also impact the stress state on nearby faults (e.g. Harris and
Simpson, 1992, Stein et al., 1992, King et al. ,1994; Freed et al., 2007).). For the faults within
the San Gorgonio Pass, we consider the impact of the nearby 1992 Landers earthquake. The
earthquake is simulated by applying slip distribution associated with the earthquake from
(Bryant, 1992; Bryant, 1994; Madden and Pollard, 2012) to the model. All other faults in the



model are locked. The stress change due to the Lander’s earthquake is summed with the evolved
shear tractions calculated by equation 2 to produce the absolute shear tractions along the faults of
the San Gorgonio Pass.

2.2.3 Shear stressing rate analysis

Maps of interseismic shear stressing rate along the southern San Andreas reveal how the
fault geometry controls the stressing rate distribution. As expected along the primarily strike-slip
San Andreas fault, right-lateral shear stressing rates are larger (maximum 12 kPa/yr) than the
reverse-shear stressing rates (maximum ~3 kP/yr). Furthermore, faults parallel to the overall
plate motion have greater dextral stressing rate. Right-lateral shear stressing rates are largest
along the San Bernardino and Mission Creek strands of the SAF and decrease within the
restraining bend of the San Gorgonio Pass region (Figure 3). The San Gorgonio Pass thrust has
an undulating strike and small left-lateral shear stressing rates occur along some regions of the
western San Gorgonio Pass thrust where the strike is less than ~265°. As with dextral stressing
rates, the reverse shear stressing rates increase with depth because deeper elements are closer to
the deep slip that is applied to the interseismic model. The reverse-shear stressing rates are near
to zero outside the bend and increase within the bend along north-dipping fault strands that strike
obliquely to the plate motion and accommodate uplift (Figure 3).
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Figure 3. Dextral and reverse shear stressing rates along modeled surfaces representing
the southern San Andreas fault through the San Gorgonio Pass region.

The first order pattern of shear stressing rate correlates with the orientation of the faults
with regard to the regional stress. This suggests that resolving the tractions on the fault from the
regional stress field may provide similar results as the stressing rate. Any differences between
the two predictions owe to interaction among faults that is not considered in the resolved average
regional stress distribution. To investigate the influence of fault interaction, we compare the
interseismic shear stressing rates from the San Andreas and San Jacinto faults in our models with
resolved tractions using A¢ = 1.5 described in the previous section of this report. Previous



models of the region have shown significant interaction between the San Andreas and San
Jacinto faults (Herbert et al., 2012; Fattaruso et al, 2014), so we expand this analysis to include
both of these faults.

The resolution of the remote stress tensor gives a dextral shear traction that depends on
fault strike and is constant with depth. In contrast, the shear stress from the interseismic model
increase with depth from zero at the Earth’s surface to a maximum at 20 km near the deep
interseismic loading of the fault system. To better correlate the two predictions, we apply a linear
increase of dextral shear with depth to the resolved shear stresses and scale the values to match
those from the interseismic model (Figure 4).
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Figure 4: Dextral stressing rates versus fault strike of A) southern San Andreas fault and
B) San Jacinto fault. Colors of symbol fill indicate depths of fault element and curves
show the resolved shear stress scaled for linearly increasing depths. Shear stressing rates
decrease away from the orientations of 305°-310° and increases with depth.

The interseismic right-lateral shear stressing rates and the resolved shear tractions along
the San Andreas fault show maximum around 305°-315° with decreasing strike-shear stress as
fault strike deviates from the orientation of maximum shear (Figure 4). Fault elements that strike
more westerly than 260°, such as along the San Gorgonio Pass thrust, display left-lateral shear.
The relatively small variation in dextral stressing rates along the San Jacinto fault owes to the
smaller variation strikes along this fault, which primarily parallel plate motion.

The match of the model results with the resolved stress is less consistent for the San
Jacinto fault than for the San Andreas fault. The dextral stresses along elements of the San
Jacinto fault have lesser value than elements of equivalent depth and strike along the San
Andreas fault. For example, the red symbols are close to the red curves for the San Andreas plot
but fall below the red curve for the San Jacinto plot (Figure 4

). This difference shows that resolving the dextral tractions from a uniform remote stress
tensor will not provide the same distribution of shear stress as a model that considers fault
interaction. We further demonstrate the difference in interseismic dextral stressing rate on similar
striking portions of the San Andreas and San Jacinto faults by comparing the best-fitting surfaces
through the data points between fault strikes of 290° and 320° (Figure 5). For similar fault strike
and depth, the San Jacinto fault has lower right-lateral shear stressing rates than the San Andreas
fault. This difference in strike-shear stressing rates owes to the interaction between the two faults



within the interseismic model. Estimating initial fault tractions using remote stress tensor cannot
capture such fault interactions
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Figure 5: A gridded surface fit through the data points illustrates the different right-lateral
stressing rates along the A) San Andreas and B) San Jacinto faults. For similar fault strike
and depth, the San Jacinto fault has lower stressing rates

2.2.4 Evolved stress analysis

Paleoseismic data provide estimates for the year of the last rupture along active faults
(e.g., Biasi et al., 2009). For the San Bernardino and Coachella segments, we use the compiled
earthquake data from Biasi et al. (2009) (Table 2). Paleoseismic sites at Pitman Canyon, Plunge
Creek, and Wrightwood provide a mean age of 204 years for the most recent earthquake year for
the San Bernardino segment. The Thousand Palms Oasis and Indio sites provide mean time since
last rupture of 616 years for the Mission Creek strand and the Coachella segment. For the San
Gorgonio Pass thrust, Banning, and Garnet Hill strands of the SAF we use an earthquake rupture
year of 1400 (Heermance et al., 2014, Yule et al., 2014). The Banning, Mission Creek strand and
Coachella segments are not included in the dynamic rupture model but are included in the
evolved shear stress analysis to provide context for the variation of tractions through the San
Gorgonio Pass region.

Most recent EQ Time since

Paleoseismic Site(s) Year (AD) last event (yr)
San Bernardino Pitman Canyon/Plunge 1812 204
Creek/Wrightwood (Biasi et
al.,2009)
Banning/SGPT/ Millard Canyon (Heermance 1400 616
Garnet Hill et al, 2014, Yule et al., 2014).
Mission 1000 Palms/ Indio (Biasi et 1680 336

Creek/Coachella al.,2009)



Table 2: Time since last event data from the year 2016 used to calculate absolute
shear traction from the interseismic stressing rate.

Due to the variable time since last earthquake event across faults of the SGPr, the shear
traction distribution along the fault surfaces (Figure 6) differs from the shear stressing rate
distributions (Figure 3). Whereas dextral-shear stressing rates are lower along the north-dipping
fault surfaces within the SGP restraining bend than on fault surfaces outside of the bend (Figure
3), the longer time since the last event along the north-dipping thrust faults increases the total
right-lateral shear traction compared to other faults (Figure 6). Although the San Bernardino
strand and the Coachella segment of the SAF have greater right-lateral stressing rates, the more
recent rupture of these segments in the 1680 and 1812 events, which did not rupture through the
restraining bend, reduced the accumulated stresses. The largest right-lateral shear tractions arise
along the Banning and Garnet Hill strands of the SAF near the juncture with the Coachella
segment of the SAF (Figure 3). Regions of large right-lateral shear traction also arise along
portions of the San Gorgonio Pass thrust. The reverse shear tractions are greatest along the San
Gorgonio Pass thrust within the restraining bend (Figure 3).
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Figure 6: A) Right-lateral shear traction and B) reverse shear traction along modeled surfaces of the San
Andreas fault through the San Gorgonio Pass region.

To include the impact of the 1992 Landers earthquake, we prescribe slip associated with the
earthquake reported by Bryant, (1992), Bryant (1994) and Madden and Pollard (2012) onto fault
surfaces within the model and examine the resulting static stress changes along the faults within
the San Gorgonio Pass (Figure 7). Along the southern San Andreas fault, the Landers
earthquake has the greatest impact within the restraining bend. The dextral tractions reach a
maximum of ~0.3 MPa, along the San Gorgonio Pass thrust with sinistral tractions (negative) on
the southern Garnet Hill and the Mission Creek strands of the SAF (Figure 7). Because all of
these faults are loaded during the interseismic period with right-lateral shear stress, the Landers
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rupture reduces total dextral traction along the Garnet Hill and Mission Creek strands and
increases dextral shear accumulated on the San Gorgonio Pass thrust, presumably bringing this
fault closer to failure. These static stress changes are small compared to the total accumulated
tractions along these faults.
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Figure 7. Static stress change along the San Andreas fault due to the simulated Landers rupture shows
increased dextral loading of the San Gorgonio Pass thrust. Sinistral shear stresses show unloading of
accumulated right-lateral shear on the Mission Creek and Garnet Hill strands of the SAF.

2.2.5 Implementation of evolved stresses in dynamic model

Due to the size difference between the elements used by Stern (2016) and the much
smaller 300 m element sizes for the dynamic rupture models, we interpolate our traction values
twice using a nearest neighbor approximation. The first interpolation is to eliminate NaN values
in the shear tractions provided by Stern (2016), and the second round interpolates the values to
our mesh designed in Trelis. A sample set of results is shown in Figure 8. While we use the shear
traction output from Stern (2016), we do not use the normal traction output from those models
because of uncertainties in how normal tractions accumulate over multiple earthquake cycles.
Because normal tractions do not alternately accumulate and decrease in the same way as shear
stresses over the earthquake cycle, these tractions can grow without bounds over long periods of
normal stress accumulation. Our understanding of relaxation of normal stresses in the crust is not
yet sufficient to allow us to use the normal stressing rates from the crustal deformation models to
estimate normal tractions on the faults. Instead, we set the normal tractions by assuming a
constant S value, or fault strength, along the entire fault geometry. The initial shear stress in
Equation 1 is calculated from the values provided by Stern (2016). From the following
relationships substituted into Equation 1, we can back-calculate g,,, the normal traction:

Ty = HUsOn (3)

T = [aOn. )
The values for the static ¢ and dynamic p, frictional parameters can be found in Table 3. The
result is a distribution of normal traction that varies across the fault geometry. Although S is

held constant to obtain the initial normal traction distribution, the dynamic stress interactions
during the rupture simulation enable fault strength to vary temporally over the rupture duration.
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Figure 8. Plot of Initial Shear Tractions. (A) Net shear tractions from the deformation models, down to 35 km. This
plot shows the coarseness of the initial shear traction distribution. (B) Interpolated shear traction down to the
rupturable depth of 20 km. Darker blue colors indicate lower stress and red colors indicate relatively higher stress.

2.3 Results

Similar to Gilchrist (2015), our models have difficulty producing large ruptures, and in
some cases are unable to rupture beyond the initial nucleation patch. The models show
significant differences in rupture behavior between Constant Tractions and Regional Stress
loading, most likely due to compatibility issues with the orientation of the pre-stress field and the
complex fault geometry. Rupture behavior in the Evolved Stresses models is strongly controlled
by the initial stress conditions, exhibited in the extreme variability in results from different
nucleation locations.

2.3.1 Constant Tractions Models

We subdivide the Constant Tractions models into two groups: one that employs a linear
gradient of normal compression down to 3 km, to simulate the decrease in absolute stress with

lower lithostatic load near the surface, and one without a gradient in the normal stress. We find
no significant difference in the results between these two groups. The four nucleation locations
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that we tested with these models each produce distinct rupture patterns (Figure 9). Nucleation on
the SB results in an earthquake that only ruptures the SB strand (Figure 9a). With nucleation on
the ESG, rupture dies out quickly, after rupturing small amounts of the SB and GH (Figure 9b),
which are more clearly visible when the color scale is over-saturated because the value is
roughly 0.6 m of slip. The entirety of the ESG does not slip. Nucleation on the WSG leads to
rupture propagation across to the ESG (Figure 4c¢), which is unsurprising because although these
two portions are separated by a line of nodes removed along the intersection with the SB, these
two portions have the same initial stress field orientation. With nucleation on the GH, rupture
terminates on that fault and does not propagate through to the oblique ESG portion of the fault
network.

A Nucleation on SB B Nucleation on ESG

Time: 32 s Time: 115

FaultTotalSlip Magnitude FaultTotalSlip Magnitude
0.000e+00 0.9 1.8 27 4.234e+00 0.000e+00 0.5 ] 1:5 2.306e+00
- T E— - e
C Nucleation on WSG D Nucleation on GH
Time: 18 s Time: 17 s

FaultTotalSlip Magnitude FaultTotalSlip Magnitude
0.000e+00 1 2 3 4.519e+00 0.000e+00 0.8 1.6 2.4 3.910e+00
- | . -

Figure 9. Summary Plot of Constant Tractions Models. These show the total slip plots at the end of the simulation
for four different nucleation locations. (A) Nucleation on SB. (B) Nucleation on ESG. (C) Nucleation on WSG. (D)
Nucleation on GH. Total slip magnitude is given in meters. These models with constant traction do not result in any
through-going rupture scenarios.

2.3.2 Regional Stress Models

We test two end members of the relative magnitude of the three principal stress axes, Ag
= 1.5 and Ay = 2.24, with the same nucleation locations employed in the Constant Tractions
models. These stress values are depth-independent, and similar in scale to the Constant
Tractions models. Unlike the Constant Tractions models, the stress field in these models does not
have an abrupt transition in this location so we keep the nodes in the Regional Stress and
Evolved Stresses models. For the both the Regional and Evolved Stresses, we only test three
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nucleation locations—on the SB, WSG, and GH, because the ESG and GH are connected as part
of the same fault mesh in these models.

The Ay = 1.5 resolved regional stress field is more favorable for rupture than the Constant
Tractions stress field. In the Ay = 1.5 set of models, nucleation on the GH leads to a through-
going rupture scenario (Figure 10). By 12 seconds, the rupture has crossed over to both the
WSG and the SB (Figure 10b). At 25.5 seconds there is a semi-circular patch of the SB that
experiences stress shadowing due to rupture on the WSG (Figure 10c). Slip on the WSG
dynamically decreases the shear stress on the nearly parallel SB, creating this stress shadow.

The rupture continues until nearly the entire SB slips, leaving only a fraction of the previous area
within the stress shadow un-ruptured (Figure 10d). The magnitude of the total slip is smallest
along the SB within the stress shadow created by slip along the WSG. All of the results for the
Regional Stress models are summarized in Figure 11. The entire fault system ruptures when
earthquakes are initiated on either the GH or the SB. With nucleation on the WSG, rupture dies
out after the nucleation phase, indicating that this particular stress field does not facilitate rupture
on the WSG. Results from the Ay = 2.24 stress field closely resemble those of the Ay = 1.5 stress
field (Figure 6). The most notable difference between the Ay = 1.5 and Ay = 2.24 models is that
in the latter, the stress shadowing effect between the SB and WSG portions of the fault system is
slightly more pronounced, with a smaller total slip magnitude along the SB in response to slip on
the WSG. This difference arises because in a more compressive stress regime, slip along the
predominately strike-slip SB is less favorable and the oblique dynamic stresses along the WSG
help to further decrease shear stress on portions of the SB.

A B
Time: 1.55s

Time: 12s

Total Slip Magnitude

Total Slip Magnitude

0.0006+00 0.5 . . — o0 0.000e+00 0.5 ] 1.5 2.284e+00
0.000e+00 0.5 ] 5 2.284e+( L
| - .
| |
C D
Time: 25.55s Time: 45 s

Total Slip Magnitude Total Slip Magnitude
0.000e+00 0.5 1 2.2842+00 0.000e+00 0.5 ] 15 2.284e+00

Figure 5. Example of Through-Going Rupture. These plots show the total slip at specific times during the
simulation that employs a regional stress field with Ay = 1.5 and nucleation on the GH. Total slip magnitude is given
in meters. Stress shadowing caused by slip on the WSG limits slip on the SB.
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Figure 11. Summary of Regional Stress Model Results. Red bars indicate that a particular fault ruptured fully;
orange bars indicate that only part of the fault slipped. Stars denote the fault on which rupture nucleated. For both
stress ratios of Ay = 1.5 and Ay = 2.24, models that nucleated on the WSG failed to propagate out of the initial
nucleation zone, while those that nucleated on the SB and GH resulted in multi fault rupture.

2.3.3 Evolved Stresses

This set of models, with nucleation locations matching those of the prior models, did not
have straightforward results (summarized in Figure 12). Ruptures set to nucleate on the SB and
WSG faults did not propagate outside of the initial nucleation zone, and the rupture that
nucleated on the GH only propagated through part of the ESG. We attempted lowering the S
value from 1.0 to 0.5, thereby lowering the variable normal traction, but the results did not
qualitatively change. Given the relatively small shear stress magnitudes and variable distribution
of the stresses, an estimate of the critical patch size for rupture nucleation (Day, 1982) implies a
physically unreasonably large nucleation radius (on the order 30 km) would be needed to allow
rupture to proceed spontaneously beyond the nucleation zone on the SB. Alternatively, we
estimate that reducing the slip weakening distance do (which is set essentially arbitrarily) by a
factor of seven would promote spontaneous rupture. Using both S = 0.5 to generate the variable
normal traction values and the smaller do = 0.086 m, nucleating on the SB leads to a multi-fault
rupture of the entire system, while nucleating on the GH yields results similar to the models that
used S=1.0 or S=0.5 and a do value of 0.6 m (Figure 12). Thus, we find that increasing or
decreasing the (relatively unconstrained) slip weakening distance while using a highly
heterogeneous stress field can have a very strong influence on the results.
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Propagation Paths for Evolved Stresses
Models Under Multiple Assumptions
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Figure 12. Summary of Evolved Stress Model Results. Red bars indicate that a particular fault ruptured fully; orange
bars indicate that only part of the fault slipped. Stars denote the fault on which rupture nucleated. S values refer to
the strength ratio used to generate the normal stresses (see Methods) and do refers to the slip-weakening distance

(m).

4. Discussion

In the case of the Constant Tractions models, the most likely cause for rupture
terminating abruptly is changes in the orientation of the initial stress field. The abrupt rotation of
the stress field from pure right-lateral strike-slip to oblique right-lateral and thrust at the modeled
intersection between the San Bernardino and San Gorgonio Pass thrust likely causes rupture to
stop at these segment boundaries because the pre-stress orientation is unfavorable with the
complex fault geometry (Duan, 2010). In this case, the pre-stress orientation swamps the effect
of the dynamic stresses, which would otherwise facilitate earthquake rupture propagation.
However, if the crustal faults of the SGP have abrupt change in the orientation of the stress field,
this supports suggestions that the SGP is a barrier for rupture and that through-going earthquakes
are rare (Carena et al., 2004; Langenheim et al., 2005). The effect of the shear stress orientation
is so dominant that including, or not including, a linear gradient with the normal stresses appears
to have almost no effect on the results.

The Ay = 1.5 Regional Stress models suggest that rupture directivity may play a key role
in the viability of through-going rupture scenarios in the SGP. Nucleating along either the
Garnet Hill or San Bernardino strands causes multi-fault rupture through the San Gorgonio Pass
(Figure 6). However, nucleating from within the SGP does not lead to a multi-fault rupture
scenario; rupture dies out shortly after nucleation in this somewhat unfavorable stress zone. This
suggests that it is the dynamic stress changes from rupture propagation from elsewhere on the
fault system, causing a significant build up of shear stress ahead of a rupture front coming from
either the northwest or southeast, that allows the San Gorgonio Pass Fault Zone to rupture (in
effect, allowing a “tunneling” of rupture through an otherwise less favorable region). This
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directivity effect has been noted before in models of the North Anatolian Fault (Oglesby and
Mai, 2012). The through-going scenario that starts in the southeastern part of the SGP falls in
line with the hypothesis that a hypothetically large event rupturing through the SGP could start in
Bombay Beach down by the Salton Sea and rupture through the San Gorgonio Pass (Olsen et al.,
2006).

The results of the Evolved Stresses models with both the original do and the scaled do
values suggest that some of the faults simply are not primed for failure with stresses evolved to
2016. This is obviously consistent with the observation that no ground rupturing earthquakes
occurred in 2016. The pre-stress assumptions for these models take into consideration the time
since a last event on these faults. For each of the different S value and do assumptions, models
that nucleate on the Garnet Hill strand rupture the Garnet Hill strand entirely and propagate
partially along the San Gorgonio Pass Fault Zone. This suggests that the Garnet Hill strand is
currently primed for failure, based on the loading caused by previous events and interseismic
stress accumulation, and a more highly-stressed nucleation zone. Conversely, none of the
Evolved Stresses models that nucleate on the San Gorgonio Pass thrust spontaneously rupture
beyond the initial nucleation patch size. This suggests the San Gorgonio Pass thrust is not
primed for failure. Events nucleating on the San Bernardino strand also die out in the initial
nucleation patch with do = 0.6 m. However, when we tune the do value to allow rupture on the
San Bernardino strand, rupture propagates across to the base of our artificially named WSG
portion of the San Gorgonio Pass thrust. Rupture continues to propagate up-dip and
southeastward, allowing shear stress to build up on the ESG portion as both the San Bernardino
strand and the WSG portion slip. Eventually the entirety of the San Gorgonio Pass thrust and the
Garnet Hill strand rupture as well, in an example of through-going rupture. Paleoseismicity
indicates that it has been roughly 200 years since the San Bernardino strand failed in a large
earthquake (McGill et al., 2002), which is relatively recent. Consequently, the evolved stress
estimates have lower shear stress along the San Bernardino strand than other strands and this
may explain why it is not primed for failure with a large do value. Further investigation may be
needed to see whether it is possible to fine-tune do in a way that could produce a through-going
rupture scenario with nucleation on the San Gorgonio Pass Fault Zone. Additionally, we could
advance the investigation year beyond 2016 to see how many more years of loading would be
required to produce a ground rupturing earthquake.

The results from the Evolved Stresses models also suggest that slip-weakening friction
with a constant do parameter may not be a compatible assumption with very heterogeneous initial
stresses and geometry. There is large uncertainty about the do parameter and its physical
interpretation that makes it difficult to assess a reasonable numerical value for the parameter
(Day, 1982). Given the sensitivities of this parameter with the evolved stress results, it may be
necessary to explore the compatibility of time-weakening friction (Andrews, 1985) with highly
variable initial stresses.

3. Conclusions

The results of dynamic rupture scenarios in the Western San Gorgonio are highly
sensitive to assumptions about the initial stress distribution and frictional slip weakening
parameter. Models that nucleate rupture on the San Bernardino strand and Garnet Hill strands
are most sensitive to the pre-stress conditions. Nucleation on the San Bernardino strand results
in single-fault rupture in the Constant Tractions models, through-going rupture in both sets of
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Regional Stress models, and through-going rupture in the Evolved Stresses model with an extra-
small slip weakening parameter under 2016 stress conditions. Models that nucleate on the
Garnet Hill strand result in single-fault rupture in the Constant Tractions models, through-going
rupture in both sets of Regional Stress models, and multi-fault (but not through-going) rupture in
all of the Evolved Stresses models. The propensity of events nucleating on the Garnet Hill strand
rupturing to other segments in the Evolved Stress model indicates that the estimated 2016
stresses may be great enough to initiate a ground rupturing earthquake in the San Gorgonio Pass.
Models that nucleate slip on the San Gorgonio Pass thrust have the most consistent result, and
demonstrate that it is difficult for ruptures starting within the San Gorgonio Pass to propagate
outward towards either the San Bernardino strand or the Garnet Hill strand of the SAF.

Considering this summary of the results, we conclude that while not impossible, through-
going rupture in the SGP is likely limited to specific stress conditions and dependent on
nucleation location (which of course will itself be linked to the initial stress condition). Results
from the Evolved Stresses models support the conclusions of Carena et al. (2004) that the SGP
region can act as a barrier for through-going rupture, while the Regional Stress models show the
possibility of occasional through-going rupture from earthquakes initiating from either the
northwest or southeast (e.g. Carena ef al., 2004; Olsen et al., 2006). These results are also
consistent with those of Heermance and Yule (2017), who indicate that the SGP fault system has
fewer earthquakes than the surrounding strands of the SAF, and likely rupture in events that
break the SAF outside the Pass. The time since last event on the Coachella segment of the SAF,
to the southwest of the Garnet Hill strand, is past its recurrence interval (~260 years), so we
might expect the next earthquake in the region to initiate on the Coachella segment. The dynamic
models of this study suggest that if such a rupture event propagates to the Garnet Hill strand, the
rupture may pass through the San Gorgonio Pass. The difficulty with producing rupture along the
San Gorgonio Pass thrust may indicate that our choice of SGP fault geometry strongly influences
rupture at the inferred intersection of the San Bernardino strand and the San Gorgonio Pass
thrust, regardless of the pre-stress conditions. We would need to conduct further investigations
with alternate fault geometries to understand how strongly this fault geometry interpretation
influences the results. Further investigation on pre-stress assumptions in dynamic rupture
models is also necessary because it is clear that these stresses have a significant effect on rupture
propagation paths and must be well understood in order to provide the seismological community
with valuable results in geologically complex areas.
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Table 1. Constant Traction Models: Physical and Computational Parameters

P-wave Velocity S-wave Velocity Density
5477 m/s 3162 m/s 2700 kg/m?
Static Friction Dynamic Friction Slip Weakening Distance
0.84 0.42 0.6 m
Initial Shear Stress Initial Normal Stress Nucleation Stress
10 MPa 16.65 MPa 10.9 MPa
Small Element Size Large Element Size Nucleation Radius
300 m 900 m 5km

Table 2. Regional Stress Models: Physical and Computational Parameters

P-wave Velocity S-wave Velocity Density

5477 m/s 3162 m/s 2700 kg/m?

Static Friction Dynamic Friction Slip Weakening Distance

0.6 0.1 0.6 or 0.086 m
Small/Large Element Size Nucleation Radius Nucleation Stress
300/900 m 5 km 10% > Initial Stress
Stress Tensor Variation G0 Go1 G02 O1l0 O1l 62 02 o621 ox» (MPa)

Ap=15 53 0 0 0 413 -376 0 -3.76 20.7
Apy=2.24 69 0 0 0 424 -359 0 -3.59 226
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Table 3. Evolved Stress Models: Physical and Computational Parameters

P-wave Velocity S-wave Velocity Density
5477 m/s 3162 m/s 2700 kg/m®
Static Friction Dynamic Friction Slip Weakening Distance
0.6 0.1 0.6 or 0.086 m
Initial Shear Stress Initial Normal Stress Nucleation Stress
Variable (~1-6 MPa) Variable (~1-14 MPa) 10% > Initial Stress
Small Element Size Large Element Size Nucleation Radius
300 m 900 m 5km
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